Abstract. The present study investigates whether updating an important function of executive control can be driven by unconscious reward cues. Participants had to memorize several numbers and update those numbers independently according to a sequence of arithmetic operations. At the beginning of each trial, a reward (1 euro or 5 cents) was presented, either subliminally or supraliminally. Participants could earn the reward if they found the correct response on the updating task. Results showed better performance when a high (conscious or unconscious) reward was at stake compared to a low reward. This suggests that subliminal information can influence a component process of executive control traditionally thought to require consciousness.
Nowadays, the existence of subliminal perception is no longer denied (Kouider & Dehaene, 2007) . Subliminal perception has been shown to influence semantic processing (Dehaene et al., 1998) , emotional processing (Morris, Ö hman, & Dolan, 1998) , motivation (Pessiglione et al., 2007) , and action planning/execution (Binsted, Brownell, Vorontsova, Heath, & Saucier, 2007) . The controversy has now shifted to the depth with which invisible stimuli can be processed and the limits of unconscious cognition. Generally, it is thought that consciousness is required for executive control -a collection of high-level processes that enables people to adapt to new or complex situations, when highly practiced cognitive abilities or behavior no longer suffice (Baddeley, 1986; Norman & Shallice, 1986) . Furthermore, mobilization of executive control depends strongly on the prefrontal cortex (Miller & Cohen, 2001 ), a brain region most often associated with conscious experience (Crick & Koch, 2003; Kouider & Dehaene, 2007) . Executive control and consciousness are, therefore, intimately related. Thus, while it is generally admitted that unconscious stimuli can penetrate the cognitive system to some extent, such stimuli are assumed not be able to be the source of executive control (Dehaene & Naccache, 2001; Jack & Shallice, 2001; Jacoby, 1991; Kunde, 2003; Merikle, Joordens, & Stolz, 1995; Praamstra & Seiss, 2005) . Here, we challenge this perspective and show that updating, an important function of executive control (Miyake, Friedman, Emerson, Witzki, & Howerter, 2000; Smith & Jonides, 1999) , can be driven by unconscious reward cues.
Several recent studies have investigated the effects that conscious and unconscious reward cues exert on effort mobilization. Pessiglione et al. (2007) invited participants to perform a task in which they could earn money by squeezing a handgrip. Before each squeeze, the money that could be earned was subliminally or supraliminally presented by displaying the picture of a 1-pound or 1-penny coin on the screen. Regardless of whether participants could (supraliminal condition) or could not (subliminal condition) report how much money was at stake, they deployed more force for higher amounts. Congruently, skin conductance responses -used as an index of sympathetic nervous system activity -were higher to images of 1 pound compared to those of 1 penny. Most relevant, the same basal forebrain region was involved for both subliminal and supraliminal rewards. This implies that the cognitive and motivational processes involved in subliminal and supraliminal reward conditions were qualitatively similar.
In another study, Bijleveld, Custers, and Aarts (2009) asked participants to memorize three or five digits and then to recall them verbally. At the beginning of each trial, a high reward (50 cents) or a low reward (1 cent) was at stake and was presented either subliminally or supraliminally. Pupil dilation, a physiological measure related to the mobilization of mental effort, was used. In the difficult condition (i.e., five digits), participants showed an increase of pupil dilation -related to an increase of mental effort investedon highly rewarded trials, and this held regardless of whether the rewards were presented subliminally or supraliminally. The effect of reward on pupil dilation was not present in the easy condition (i.e., three digits). These results segue well with the classical features of effort mobilization (Brehm & Self, 1989; Gendolla & Wright, 2005; Wright & Kirby, 2001 ): People mobilize no more energy than necessary to achieve a conscious goal when performing an easy task. However, when task difficulty is high, individuals will strive to reach the highest possible performance level that is necessary to ensure goal attainment. In short, these two studies suggest that conscious and unconscious incentive processes enhance effort mobilization in a similar way.
The goal of the present study was to determine whether unconscious reward cues can -as do conscious reward cues (e.g., Pessoa, 2009 ) -also increase performance in an updating task. The task was based on the memory updating paradigm of Salthouse, Babcock, and Shaw (1991) -frequently used in cognitive psychology (e.g., Ecker, Lewandowsky, Oberauer, & Chee, 2010; Schmiedek, Hildebrandt, Lövdén, Wilhelm, & Lindenberger, 2009) . In this task, participants have to memorize several numbers and update those numbers independently according to a series of arithmetic operations (see Figure 1 ). At the beginning of each trial, the reward at stake (1 euro or 5 cents) was presented either subliminally (27 ms) or supraliminally (300 ms). If participants successfully reported the final correct series of numbers, they earned the reward. We hypothesized that the possibility to earn a high reward, whether it be conscious or unconscious, would increase and performance compared to a low reward.
Method Participants
Twenty-eight, right-handed, undergraduates from the University of Liège (20 females; age range 21-30 years) participated. They reported normal or corrected-to-normal vision. The experiment was approved by the local Ethics Committee and was conducted in accordance with the Declaration of Helsinki. Each participant read and signed an informed consent form prior to taking part in the experiment. Participants received the money they earned in the experiment. A 2 (reward value: low vs. high) · 2 (reward presentation duration: supraliminal vs. subliminal) withinparticipants design was used.
Updating Task
The updating task was presented on a 75-Hz CRT screen. First, participants undertook a training session of four trials (one trial per condition) and then the task itself, consisting of 60 trials (15 repetitions per condition). At the beginning of each trial (Figure 1 ), a fixation cross appeared. This was immediately followed by a pre-mask, the reward stimulus, a post-mask, and finally the updating task. Participants were told that if they responded correctly, they would receive the reward presented at the beginning of the trial. Cumulative earnings were displayed at the end of each trial. Participants were told that the reward stimuli were either 1 euro or 5 cents and would sometimes be difficult to perceive. This procedure ensured that participants paid attention to the rewards during the updating task. This experimental precaution was used for the main reason that the cognitive processes at work in masked priming experiments are dependent on attention (Naccache, Blandin, & Dehaene, 2002) .
The updating task required participants to memorize five numbers and to update each number independently according to a series of six arithmetic operations (Figure 1 ). Operations were composed of additions and subtractions (i.e., ±1 or ±2). Intermediate and end results for each number were always in the range of 0-9, to keep difficulty constant. The final value for each number had to be entered with the keyboard. Participants were informed that it was necessary to report the five correct numbers to obtain the reward. The five numbers to memorize independently at the beginning of each trial, the six successive updating operations, and the responses to report were all different across the 60 trials. This procedure ensured that no implicit learning or association between the reward stimuli and the response was possible.
Perceptual Discrimination Task
After the updating task, each participant performed a forcedchoice test. Participants initially received 4 training trials and then 60 trials of the updating task. Each trial comprised the same sequence of masks and stimuli as in the updating task and, in addition, several choices were presented simultaneously. Participants had the possibility to press the one key for ''seen 1 euro,'' two for ''seen 5 cents,'' three for ''guess 1 euro,'' and the key four for ''guess 5 cents.'' Participants were told that only response accuracy, not response speed was important. The different responses remained on the screen until a response was made.
Results

Updating Task Percentage of Correct Responses
Percentage of correct responses is presented in Figure 2a . A two-way ANOVA (2 reward value · 2 reward presentation duration), as within-participants factors, was used to analyze the data. The analysis revealed a significant main effect of reward value, F(1, 27) = 17.23, p < .0003, g p 2 = .39. More surprisingly, the two-way ANOVA revealed that performance on the updating task was better in the subliminal than in the supraliminal condition, F(1, 27) = 7.31, p < .01, g p 2 = .21. The two-way interaction was not significant (p = .70). To ascertain that there was a reward effect in both conditions, complementary Students' t-tests were conducted. Participants obtained better performance for the high reward compared to the low reward, both in the subliminal condition, t(27) = 4.67, p < .0001, g p 2 = .45, and in the supraliminal condition, t(27) = 2.39, p < .02, g p 2 = .17.
Percentage of Correct Numbers
In addition to the percentage of correct responses (i.e., the percentage of the five final numbers correctly reported), we also focused on the percentage of correct numbers reported (Figure 2b ) (e.g., 20% for one correct number). Percentage of correct numbers was submitted to a two-way ANOVA (2 reward value · 2 reward presentation duration) as within-participants factors. There was a significant main effect of reward value, F(1, 27) = 10.57, p < .003, g p 2 = .28, and a significant main effect of the reward presentation duration, F(1, 27) = 6.08, p < .02, g p 2 = .18. The two-way ANOVA revealed no significant interaction (p = .61). We also ascertained that there was a reward effect in both conditions. However, participants showed better performance for the high reward compared to the low reward in the subliminal condition, t(27) = 4.56, p < .0001, g p 2 = .44, but not in the supraliminal condition (p = .14).
Reaction Times
In order to detect potential changes in speed-accuracy tradeoff, a two-way ANOVA (2 reward value · 2 reward presentation duration), as within-participants factors, was carried out on the reaction times. Reaction times were collected at the end of each trial. Consequently, only the reaction times for the percentage of correct responses (five final numbers correctly reported) were examined. There was a marginal reward tendency, F(1, 27) = 3.85, p = .06, g p 2 = .15. Participants tended to obtain better reaction times for the high-reward (M = 3,506.43 ms) compared to the lowreward (M = 3,671.35 ms) condition. More precisely, Students' t-tests revealed that participants responded faster, and invested probably more effort, for the high reward compared to the low reward in the subliminal condition (M = 3,521.87 ms and M = 3,787.80 ms, respectively), t(27) = 2.37, p < .03, g p 2 = .18, but not in the supraliminal condition (p = .47). No effect of reward presentation duration (p = .12) and interaction was found (p = .17), suggesting no speed-accuracy trade-off.
Moreover, we tested for significant associations between the percentage of correct responses and reaction times. If such associations existed, the percentage of correct responses could be explained by potential changes in speed-accuracy trade-off across the conditions rather than differences of performance. Therefore we considered reaction times as a covariate in a two-way ANOVA (2 reward value · 2 reward presentation duration), as within-participants factors, for the percentage of correct responses. No significant association was found (all ps > .14).
Prime Visibility Test
Debriefing participants before the prime visibility test revealed that none of them was able to report whether the subliminal coins were of 1 euro or 5 cents. Results of the forced-choice test showed that participants had seen the coins in the supraliminal condition (M = 97.62 for the seen responses and M = 0.59 for the guess responses). On the other hand, in the subliminal condition, participants reported having guessed the coins (M = 4.76 for the seen responses and M = 47.02 for the guess responses).
We conducted the analyses of the prime visibility test on the means of correct responses. A correct response means that the participant had seen or guessed the correct coin (i.e., mean of correct responses = percentage of seen responses + percentage of guess responses). In the subliminal condition, the mean percentage of correct responses was 51.79 (SD = 7.32), which did not differ significantly from chance, t(27) = 1.45, p = .16. In addition, d' scores for each participant (M = 0.09; SD = 0.33) were not significantly different from zero, t(27) = 1.43, p = .16.
Discussion
The present study provides the first evidence that the possibility to earn a high unconscious and conscious reward -compared to a low reward -increases performance in an updating task. In both the subliminal and supraliminal conditions, participants exhibited better performance on the percentage of correct responses for a high reward compared to a low reward. This result accords well with recent studies suggesting that behaviors associated with the higher cognitive control functions -such as inhibitory control (Hugues, Velmans, & de Fockert, 2009; Van Gaal, Ridderinkhof, Fahrenfort, Scholte, & Lamme, 2008; Van Gaal, Ridderinkhof, Scholte, & Lamme, 2010) and switching control (Lau & Passingham, 2007) processescan be driven by subliminal stimuli. However, an important question concerns why these recent studies and the present study are suggestive that subliminal stimuli can influence executive control, whereas many other studies are not. We surmise that this difference stems from the fact that in the current study, we used stimuli that are intrinsically related to people's goals and motivation. Earning money is one of the most important goals of daily life (Chulef, Read, & Walsh, 2001) .
1 Our approach is in line with the hypothesis that motivation, when a conscious reward is at stake, fine-tunes the executive functions (i.e., updating, inhibition, and shifting) required to perform the task and recalibrates the allocation of processing resources available to executive functions (Pessoa, 2009 ). The present study provides support for this hypothesis and extends it to unconscious processes.
More surprisingly, participants obtained better performance on the percentage of correct responses when they were not aware of the reward cues at stake. Why it is the case that participants perform better in the subliminal condition compared to the supraliminal condition whereas other studies showed the opposite (Bijleveld et al., 2009; Bijleveld, Custers, & Aarts, 2010; Pessiglione et al., 2007; Zedelius, Veling, & Aarts, in press ) is open to argument. One explanation is that conscious processing of rewards interferes with ongoing maintenance processes (Zedelius et al., in press) or makes participants more cautious (Bijleveld et al., 2010) , and consequently impairs performance. Another possibility is that the subliminal condition increases performance. People and animals often demonstrate strong attraction or aversion to options with uncertain rewards (Bateson, 2002; Kacelnik & Abreu, 1998; Kahneman & Tversky, 1979; McCoy & Platt, 2005) . Contrary to previous studies (Bijleveld et al., 2009 (Bijleveld et al., , 2010 Pessiglione et al., 2007; Zedelius et al., in press) , the updating task that we used was very difficult (the mean percentage of correct responses was 35.95). This implies that achievement on the task was probably perceived as uncertain, and probably more so in the subliminal condition, in which the coins at stake were not consciously visible. Thus, in the subliminal condition, participants were not aware of whether the effort invested was justified by the coin at stake. This probably had the effect of increasing both uncertainty and attraction, regardless of the value of the reward and so resulted in overall better performance. This suggests an additive effect between time presentation of the reward and uncertainty. Further studies contrasting the level of difficulty, and consequently uncertainty, are necessary to address this issue. For a difficult task, the possibility to earn a high reward, whether it be conscious or unconscious, would increase performance compared to a low reward. However, if there is an additive effect between time presentation of the reward and uncertainty, then in a very difficult task as in the present study the high and low unconscious rewards will lead to a better performance compared to the high and low conscious rewards. 1 Goals are conceptualized as mental representations of behaviors or behavioral outcomes that are desirable or rewarding to engage in or to attain (Aarts, Custers, & Veltkamp, 2008; Dijksterhuis & Aarts, 2010; Gollwitzer & Moskowitz, 1996) .
